We calculate the Kaluza-Klein spectrum of spin-2 fluctuations around the N = 3 warped AdS 4 × M 6 solution in massive IIA supergravity. This solution was conjectured to be dual to the D = 3 N = 3 superconformal SU(N ) Chern-Simons matter theory with level k and 2 adjoint chiral multiplets. The SO(3) R × SO(3) D isometry of the N = 3 solution is identified with the SU(2) F × SU(2) R global symmetry of the dual N = 3 SCFT. We show that the SO(3) R × SO(3) D quantum numbers and the AdS energies carried by the BPS spin-2 modes match precisely with those of the spin-2 gauge invariant operators in the short multiplets of operators in the N = 3 SCFT. We also compute the Euclidean action of the N = 3 solution and the free energy of the N = 3 SCFT on S 3 , in the limit N ≫ k. Remarkably, the results show a complete agreement.
Introduction
Since the seminal work of ABJM [1] , many progresses have been made in understanding the D = 3 superconformal Chern-Simons matter theories and construction of their holographic duals. ABJM theory is a U(N ) × U(N ) Chern-Simons matter theory with explicit N = 6 supersymmetry. In a certain regime, its gravity dual is the AdS 4 × CP 3 solution in IIA found long ago by [2] . One can consider deformations of ABJM theory by adding relevant superpotential or fundamental matter and its generalizations to quiver type gauge theories.
These lead to new proposals of AdS 4 /CFT 3 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , in which the dynamics of the IR CFTs are still governed by certain superconformal Chern-Simons matter theories with more than one gauge groups. 1 In three dimensions, there exist also superconformal Chern-Simons matter systems with a single gauge group [26, 27] . It is then natural to quest whether some of them possess supergravity duals. It was shown in [28, 29] that in general, D = 3 Chern-Simons matter theories with a single gauge group admit at most N = 3 supersymmetry. The spectra of BPS operators in N = 2, 3 superconformal SU(N ) Chern-Simons matter theories with adjoint chiral matter fields were studied in [30] , which demonstrated that most of the superconformal Chern-Simons matter theories with a single gauge group did not have supergravity duals when the 't Hooft coupling is large, due to the presence of light protected higher spin operators and a Hagedorn growth in the specta 2 . Recently, a new N = 2 warped AdS 4 × S 6 solution in massive IIA was found in [31] by uplifting the N = 2 U(1) × SU(3) invariant stationary point in D = 4 dyonic ISO(7) gauged maximal supergravity, which was first constructed 1 Earlier proposals for superconformal duals to AdS4 have been made in [21] [22] [23] [24] [25] . 2 The analysis of [30] requires nontrivial R-symmetry, thus it does not apply to N = 1 theories.
in [32] and later proved to be a new model by [33] (see also [34] for more details). The detailed derivation of the uplift formulas is given in [35] . It was further proposed [31] provided by comparing the Euclidean action of the supergravity solution with the free energy of the dual CFT on S 3 [31] . A generalization of this proposal has been put forward in [36] , by considering a system of N D2 branes probing a generic Calabi-Yau threefold singularity in massive IIA. In this case, the dual CFT was conjectured to be the IR fixed point of the low energy effective N = 2 Chern-Simons quiver gauge theory. Some previous work on supersymmetric AdS 4 × M 6 type solutions in (massive) type IIA supergravity can be found in [37] [38] [39] [40] [41] [42] [43] [44] .
The D = 4 dyonic ISO(7) gauged maximal supergravity admits an N = 3 stationary point [45] , which was uplifted to a warped AdS 4 × M 6 solution in massive IIA [46] , utilizing formulas given in [31] . The bosonic isometry of the N = 3 solution is the SO(3) R × SO(3) D subgroup of SO(7) [46] , which can be characterized by starting from SO(4)×SO(3) V ∈ SO(7).
The factor SO(3) R then comes from SO(4) ≃ SO(3) R × SO(3) L , and the factor SO(3) D is
The N = 3 solution in massive IIA was conjectured [31] to be the gravity dual of the N = 3 superconformal SU(N ) gauged Chern-Simons matter theory with 2 adjoint chirals and a quartic superpotential studied in [27] . Interestingly, it was noticed in [30] that the BPS spectrum of the N = 3 SCFT includes only states of spins ≤ 2, indicating the existence of a supergravity dual. The radius of curvature of the string frame metric in string units scales like R/ℓ s ∼ (N/k) 1 6 , whilst the string coupling scales as
). Thus the supergravity description is valid when N is much larger than k. Also, one can see that g s < ℓ s /R, which is in agreement with previous observations that "massive IIA cannot be strongly coupled" [49] , in other words, the string coupling must be small if the curvature is small.
In [46] , we made the first attempt of testing the conjectured duality between the N = 3 solution in massive IIA and the N = 3 superconformal SU(N ) Chern-Simons matter theory.
It was found that at the lowest level, the SO(3) R × SO(3) D quantum numbers and the AdS energies of the fluctuations around the N = 3 background match with those of the short multiplets of gauge invariant operators in the N = 3 SCFT. In this paper, we provide further evidence for this conjectured duality. We first perform an explicit analysis of the Kaluza-Klein (KK) spectrum of the spin-2 fields in AdS 4 . Solving the spin-2 spectrum in a warped AdS background with inhomogeneous internal space has been encountered in previous studies [13, 16, 17] we proceed with identifying the CFT operators dual to the short graviton multiplets in the spectrum of the bulk theory. In Sec. 4, we compute the Euclidean action of the supergravity background and the free energy of the N = 3 superconformal SU(N ) Chern-Simons matter theory on S 3 . We conclude and discuss possible future directions in Sec. 5.
Kaluza-Klein spectrum of Spin-fluctuations
In solving the KK spectrum of the spin-2 modes, only the metric of the N = 3 solution is needed. The complete solution involving various form fields can be found in [46] (Its form in vielbein basis is given in the appendix of this paper.). In terms of the seven auxiliary coordinates on S 6 µ 1 = sin ξ cos θ 1 cos χ 1 , µ 2 = sin ξ cos θ 1 sin χ 1 , µ 3 = sin ξ sin θ 1 cos ψ,
4 Earlier work on KK spectrum in a warped AdS background with homogeneous internal space can be found in [50] [51] [52] [53] [54] [55] [56] .
which satisfy and the internal metric on the deformed S 6 is given as
where
As explained in [46] , this solution respects an SO(3) R ×SO(3) D symmetry, which is embedded in ISO(7) via the chain 
where now SO(3) R and SO(3) F correspond to the R-symmetry group and the flavor symmetry group of the dual SCFT respectively.
We consider fluctuations of the metric around the N = 3 background
Similar to the cases studied in [13, 16, 17, 57, 58] , applying the separation of variables to the transverse and traceless (with respect to the AdS 4 metric g 4µν without the warp factor) part
we find that the spin-2 modes solving the homogenous linearized Einstein equation satisfy
where 4 is the Laplacian on the unit AdS 4 , and the operator O is given by
whereg 6 is the metric on the round S 6 . The operator O can be written explicitly as
where 
whilst Killing vectors associated with SO(3) F and SO(3) L take the form
(2.14)
In the expressions above , 16) where the R ij are the SO(4) generators, with (R ij ) ij = −(R ij ) ji = 1, and all other elements equal to zero. Then the quadratic Casimirs are given by
The harmonic function Y (y) satisfies OY (y) = −m 2 Y (y) leading to
From the equation above, one can solve for the AdS energies carried by the spin-2 modes.
For each m 2 , we have
To find eigenmodes for the operator O, it is useful to know the eigenfunctions of various Casimirs. We recall that spin-0 harmonics on a round 6-sphere are characterized by (n, 0, 0), n = 1, 2 · · · representations of SO (7) and also form a complete basis for smooth scalar functions on manifold with S 6 topology. Thus, the decomposition of the SO (7) harmonics under the SO(3) F × SO(3) R subgroup should give rise to a complete functional basis on the internal space of the N = 3 solution (2.4) which is a smooth deformation of S 6 . Since the SO(3) F × SO(3) R subgroup is embedded in SO (7) via the chain 
This means further branching of (ℓ, 0) under SO(3) F × SO(3) L leads to a sequence of irreps with j F = j L . The analysis above suggests that the eigenfunctions of the Casimirs
V , the eigenfunctions of its Casimir can be obtained by decomposing the product of α A 1 A 2 ···Ap and β i 1 i 2 ···iq in terms of irreps of SO(3) R using ClebschGordan coefficients. In the end, we achieve the mutual eigenfunctions for C F , C L , C V , C R labeled by the quantum numbers
For simplicity, we denote the eigenfunction obtained through the above procedure by the abstract symbol
It satisfies 26) which also illustrates the normalization of the Casimirs. Substituting the ansatz 27) into (2.12) and making the change of variable 28) we arrive at an equation for f (u)
By a further change of variable
the equation above is brought to the form of a standard hypergeometric differential equation
where the constants are given by
There are two independent solutions to the hypergeometric differential equation above   2 F 1 (a, b, c, u) , and u
The second solution should be discarded, since the corresponding f (u) is singular at u = 0.
The first solution converges for |u| < 1. It can be proved that for (1 − u) j F 2F 1 (a, b, c, u) to be regular at u = 1, the coefficient a must be a non-positive integer. Regularity of the solution thus dictates the mass squared m 2 to depend on the quantum numbers quadratically 34) where n ∈ Z + ∪ {0}. A typical spin-2 excitation with AdS energy being an integer is given by n = 0, j F = 0 and j V = j R , which leads to
It should be noted that gravitons with the same SO(3) F ×SO(3) R quantum numbers and AdS energies appear in the short graviton multiplet DS(2, j R +3/2, j R |3) of OSP(3|4) [54, 59] . Since the supergravity background preserves N = 3 superconformal symmetry, the spin-2 states A list of the bulk spin-2 states labeled by their quantum numbers is given in Table   1 , from which one can see that the spectrum includes long graviton multiplets with rational dimensions. This feature has been observed for other M-theory and string theory backgrounds [13, 23-25, 51, 56] . A class of long multiplets with rational dimensions was termed as the "shadow" multiplets [25] . From the bulk point of view, shadowing mechanism is related to the fact that the same harmonics also appear in other fields belonging to short multiplets. In the spectrum obtained here, the long graviton labeled by (j F , j V , j R , n) = (1, r, r, 0) carries
The corresponding long graviton multiplets are shadows of vector multiplets. Table 1 : An incomplete list of the KK spectrum of spin-2 states. The "Short" and "Long" refer to the short and long multiplets which the spin-2 states belong to. Here we remind the
Matching short spin-2 multiplets
We can go further to identify the CFT operators dual to the bulk spin-2 modes satisfying (2.35). Before doing so, we first briefly review the N = 3 superconformal SU(N ) ChernSimons matter theory with 2 adjoint chirals. In D = 3, the N = 3 superconformal symmetry must have an SO(3) R-symmetry. As a consequence, in the vector multiplet, the fermions are a triplet and a singlet of SU (2) The components of the matter fields are scalars q Ia and fermions ψ Ia subject to the reality
The Lagrangian of N = 3 superconformal SU(N ) Chern-Simons matter theory with manifest
We will formulate the short spin-2 multiplets in the N = 3 SCFT in terms of N = 2 superfields, due to the complicity of the N = 3 superspace. The decomposition of Osp(3|4) multiplets under Osp(2|4) was studied in [54] . For instance, the decomposition of a generic N = 3 long spin-2 multiplet is given by 7
Specific to an N = 3 spin-2 multiplet, the multiplet is shortened when ∆ 0 = J 0 + 3/2 [59] .
Accordingly, the short multiplet decomposes into less N = 2 multiplets
where DS(2, J 0 + 2, J 0 |2) and DS(3/2, J 0 + 3/2, J 0 |2) denote the N = 2 short graviton and short gravitino multiplets respectively. The detailed structure of Osp(2|4) supermultiplets can be found in [6, 60] . In N = 2 notation, the scalars q Ia can be parametrized by two complex scalar fields (Z 1 , Z 2 )
The U(1) R-symmetry of N = 2 supersymmetry is embedded in SU(2) R in such a way that the U(1) charges carried by Z 1 and Z 2 are both equal to 1 2 as required by the N = 3 superconformal symmetry. We introduce two chiral superfields Z 1 and Z 2 whose lowest components are given by scalars Z 1 and Z 2 . Using the stress tensor superfield T (0) αβ 
which possesses the correct conformal dimension and U(1) R charge and also satisfies the shortening condition. The spin-2 component in this multiplet has conformal dimension E 0 = 3 + J 0 . The N = 2 short gravitino multiplet DS(2, J 0 + 3/2, J 0 |2) can be realized as [6] Tr 8) where the conformal dimension and the U(1) R charge associated with the supercovariant derivative D α are 1 2 and −1. Other N = 2 long multiplets present in the decomposition (3.4) can be obtained by employing a sequence of SU(2) R transformations on the short graviton and gravitino multiplets. We summarize the results in Table 2 .
On the bulk side, the harmonics associated with the spin-2 states in the short graviton multiplet DS(2, j R + 3/2, j R |3) take the form
where ν i is defined in (2.1). By a comparison with the short spin-2 multiplets on the CFT side listed in Table 2 , we can make the identification
where the SU(2) F indices are raised and lowered by ǫ ij and ǫ ij . It can be checked that the right hand side of the above expression resides in the same representation of SO(3) F ×SO(3) R as ν i . 
Matching free energies
We now turn to compute the free energy of the N = 3 solution in massive IIA and that of the N = 3 CFT on S 3 in the limit N ≫ k. This limit ensures the validity of the supergravity approximation of massive IIA string and also simplifies the expression for the CFT free energy obtained from a saddle point approximation. We show these two quantities agree with each other precisely. In this section, we recover the g and m dependence of the supergravity solution as they are important for the comparison.
The number of massive D2 branes which is equal to the rank of the gauge group is determined by the quantized Page charge [61, 62] .
Plugging the N = 3 solution [46] , we get
On the other hand, the gravitational free energy is inversely proportional to the effective D = 4 Newton's constant 
we can express the free energy of the N = 3 supergravity solution in terms of k and N F gravity = 9π 40 3
Various field strengths
are invariant under the gauge transformations
However, apparently the Page charge (4.1) is not gauge invariant. The charge density in (4.1)
is shifted by terms of the form
Because the internal space of the N = 3 solution is a smooth deformation of S 6 , its topology must be the same as that of S 6 . We know H 1 (S 6 ) = 0 and H 2 (S 6 ) = 0, hence Λ (0) in dΛ (0) and Λ (1) in dΛ (1) are globally defined. We also checked that all the gauge potentials are globally defined too. Thus, the Page charge (4.1) is in fact gauge invariant.
The free energy for a generic D = 3 N = 2 Chern-Simons quiver theory on S 3 has been investigated in [36] . For a theory with G SU(N ) gauge fields and some number of bifundamental and adjoint chiral multiplets, giving the R-charge spectrum {∆ I : I ∈ matter fields}, in the limit N ≫ k, the free energy reads 12) which is compatible with the expectation from F-theorem [63] in D = 2 + 1 dimensions, since the N = 3 SCFT can be arrived via an RG-flow starting from the N = 2 SCFT in the UV [27] .
Discussions and conclusions
In this paper we use direct KK reduction to calculate the spectrum of spin-2 modes around solution when one of the three chiral multiplets acquires a mass term [27] .
A N = 3 Solution in vielbein basis
In this appendix, we present a vielbein system for the N = 3 solution which inherits the ν i cos ξ , ℓ 3 = (cos θ 2 , sin θ 2 cos φ 2 , sin θ 2 sin φ 2 ),
From now on, we will set g = 1, m = 2 for brevity. The dependence on generic values of g, m can be recovered using the scaling symmetry [46] . A choice of the SO(3) R × SO(3) D
